Abstract-The elevated moon usually appears smaller than the horizon moon of equal angular size. This is the moon illusion. Distance cues may enable the perceptual system to place the horizon moon at an effectively greater distance than the elevated moon, thus making it appear as larger. This explanation is related to the size-distance invariance hypothesis. However, the larger horizon moon is usually judged as closer than the smaller zenith moon. A bias to expect an apparently large object to be closer than a smaller object may account for this conflict. We designed experiments to determine if unbiased sensitivity to illusory differences in the size and distance of the moon (as measured by d ) is consistent with SDIH. A moon above a 'terrain' was compared in both distance and size to an infinitely distant moon in empty space (the reduction moon). At a short distance the terrain moon was adjudged as both closer and smaller than the reduction moon. But these differences could not be detected at somewhat greater distances. At still greater distances the terrain moon was perceived as both more distant and larger than the reduction moon. The distances at which these transitions occurred were essentially the same for both distance and size discrimination tasks, thus supporting SDIH.
INTRODUCTION
Traditional psychophysics would define perceived distance as some transform of physical distance. Thus, in its classic form, Fechner's law states that the perceived magnitude of distance is proportional to the logarithm of physical distance. Alternatively, Stevens' law would define perceived distance as a power function of physical distance.
Fechner's law is based on discrimination data, while Stevens' law is based on the direct estimation of sensory magnitudes. Unfortunately, there is no truly fundamental reason for preferring one method to the other (Falmagne, 1985) . Even so, magnitude estimation has been the preferred method for studying distance perception and its relation to perceived size. However, in such studies the effects of response bias are not considered, which may be one reason why different magnitude estimation studies yield very different results (cf. Kaufman et al., 2006) . Less formal methods, as well as casual observation, also yield conflicting results. For example, if an object of constant angular size is moved to a greater distance, the object must increase in linear size. Hence, to the extent that subjects can respond to linear size, as in size constancy, such an object should also appear to grow larger with distance. However, even when the object does appear to be larger, subjects may actually report that it is closer, a phenomenon known as the size-distance paradox (Gruber, 1954) . It has been suggested that the variability in results of magnitude estimation experiments, as well as the size-distance paradox itself, may well be instances of response bias (Kaufman and Kaufman, 2000 ; Kaufman and Rock, 1989 ; Kaufman et al., 2006) .
The method of magnitude estimation was not designed to account for effects of bias (differences in criteria). This is why Kaufman et al. (2006) used the two-alternative forced-choice (2AFC) method to investigate size and distance perception. The effect of a bias to select the first or second of two sequentially presented stimuli may be minimized in a 2AFC experiment provided that the two alternatives are presented in random sequence and have equal probabilities of occurrence. In this situation the subject's criterion may not vary over a large range (Green and Swets, 1966; Macmillan and Creelman, 2005; Swets, 1996) .
Using 2AFC in combination with the method of constant stimuli, Kaufman et al. (2006) measured the uncertainty (σ ) of discriminating depth between two stimuli at different distances. They found that σ for depth discrimination increased approximately as the square of viewing distance for all of their subjects. This led to the inference that perceptual distance, which we define as a bias-free estimate of the magnitude of psychological distance, is a power function of physical distance, with an exponent of ∼0.5. This definition was dubbed Fechnerian simply because it is based on discrimination data rather than on direct verbal estimates of distance. Furthermore, using the same methods Kaufman et al. (2006) found that the perceived size of an object of constant angular size was approximately proportional to the square root of distance, albeit with a significantly higher overall level of noise (uncertainty). This confirmed a version of the size-distance invariance hypothesis (SDIH), in which perceived distance is replaced with the term 'perceptual distance'. The relatively lower level of noise found by Kaufman et al. (2006) in discriminating differences in distance relative to that found in discriminating distance-dependent differences in size confirmed McKee and Welch's (1992) hypothesis that distance information is processed prior to retinal size in computing objective size.
The relationship between perceived distance and the perception of size is also central to theories of the moon illusion. For example, the size-distance paradox also occurs in the context of the moon illusion, and it led many authors to reject theories holding the horizon moon appears to be larger than the elevated moon because the terrain provides cues that it is at a greater distance (cf. Ross, 2003; Ross and Plug, 2002) . After all, subjects generally report that the seemingly larger horizon moon is closer than the zenith moon. Yet the horizon and zenith moons are of the same angular size. But, as stated above, when two similar objects of the same angular size are placed at different distances, the more distant of the objects must be a physically larger object. Similarly, when an after image is projected onto a nearby surface, it appears as smaller than when projected onto a distant surface. Thus, according to Emmert's law, the perceived size of an after image is proportional to its perceived distance. Of course, this is a special case of SDIH, which holds that some function of retinal size combines multiplicatively with perceived distance to allow the perception of objective size, and, therefore, size constancy. Again, we suggest that the size-distance paradox is a product of how subjects respond to the question, "Which appears to be closer?" In some circumstances subjects may well expect a large appearing object to be closer, and this bias is reflected in their decision to disregard other cues indicating that the same object is actually farther away. Because of the historical ambiguity of the term perceived distance we replace it with perceptual distance. The extent to which potential effects of bias actually operate in the moon illusion remains to be established. Actual data, based on criterion free measures, are needed to clarify this issue.
The occurrence of the moon illusion depends upon the comparison of the size of the moon at or near the horizon with a moon viewed in an empty sky. Hershenson (1989) and Ross and Plug (2002) present all of the relevant theories and arguments, both pro and con. While most agree that the presence of the terrain in one direction, and its absence in the other, plays a vital role, considerable controversy remains regarding the role, if any, of differences in the perceived distances to the two moons. To investigate this problem we simulated the essential features of natural scenes in which the illusion occurs. Thus, one moon was viewed across a virtual 'terrain', and compared with a similar moon, of the same or different angular size, viewed in a totally dark empty field. This paper describes two nearly identical experiments. The only real difference between them was that in one case subjects had to discriminate between the moons on the basis of their relative distances. This difference in distance could be mediated by actual or illusory differences in size or by cues to distance provided by the terrain and by relative binocular disparity of the two moons. In the second experiment subjects were required to discriminate the difference in size of the two moons. Our goal was twofold: first, given moons of equal angular size, we sought to discover if the ability to discriminate differences in distance was related to discrimination of differences in size. Second, we tested the hypothesis that the moon viewed at infinity in an empty field, is located at a significantly closer perceptual distance than the moon at or near the horizon. In all experiments d' was our measure of sensitivity to differences in size or distance. Since the experiments were based on signal detection theory, the results are essentially free of potential effects of bias.
EXPERIMENT I: DISTANCE EXPERIMENT
The elevated moon is comparable to a luminous disc at optical infinity placed in a totally dark field with no cues at all to its distance. According to Gogel (1969) , the perceptual system places such an object at a default distance of 2 or 3 m, reflecting the so-called specific distance tendency. Owing to the reduced cues to the distance of this disc, we refer to it as a reduction moon. Gogel and Mertz (1989) described the possible role of this tendency in producing the small appearance of the zenith moon, and related it explicitly to SDIH. Also, Leibowitz et al. (1975) observed that accommodation tends to rest at a distance of about ∼2 m when the eyes are in a totally dark field. This empty field myopia ostensibly occurs even when the observer is viewing the zenith moon in an otherwise empty field (e.g. Roscoe, 1989) . In Roscoe's view, the moon alone is not an adequate stimulus for accommodation. Although there are reasons to dispute this notion, the empirical question remains, where in space does the perceptual system locate a moon-like object when there are no cues to distance? Is it the same 2-3 m distance of Gogel and of the resting state of accommodation? This experiment was designed to answer that question.
On half the trials, subjects binocularly viewed a virtual moon, effectively at optical infinity in a totally dark field (the reduction moon), to gain an impression of its distance. When satisfied, they pressed a key and the moon vanished. After a delay of 0.5 s, a 'terrain' appeared and a second moon (the terrain moon) was presented some finite distance away above the terrain. The subjects were told that one of the moons may be larger than the other, sometimes the moon in the dark field, and sometimes the moon above the terrain. They were to ignore any differences in size, and focus on the distances to the two moons. After viewing the second moon they had to decide whether the terrain moon was closer than the reduction moon, or vice versa. On the other half of the trials this procedure was reversed in that subjects first viewed the moon at some distance along the terrain, then, upon pressing a key, the terrain and moon vanished and 0.5 s later the infinitely distant reduction moon appeared. On all trials the subject had to decide which of the moons was closer, the reduction moon or the terrain moon. They signified this decision by pressing keys 1 or 2 on the numeric keypad of a computer keyboard. Key 1 indicated that the first moon of the pair was the closer of the two, whether it happened to be the reduction moon or the terrain moon. Pressing Key 2 indicated that the second was the closer of the two moons. Thus, the two-alternative forced choice (2AFC) procedure was employed. The basic idea was to determine if there was a distance along the terrain at which the subject could not determine whether one of the moons was more or less distant than the other, as indicated by d = 0. It should be noted that on some trials the reduction moon (rm) was the same angular size as the terrain moon (tm).
Thus, on trials where tm = rm, both moons were either 0.62
• or 0.67
• of arc in diameter. In other trials rm was 0.67
• and tm was 0.62
• in diameter, a condition referred to as rm > tm. On other trials this relation was reversed so that rm = 0.62
• and tm = 0.67
• in diameter, a condition referred to as rm < tm. These four different size combinations were presented in a random sequence and in equal numbers.
The distances to tm were as follows: 300, 500, 1000, 1500, 2000, 3000, 4000, 10000 and 50000 cm. There were an equal number of trials with tm at each of these distances. The binocular parallax of rm always corresponded to a nominal distance of 1 km, which is basically indistinguishable from the distance to a moon at infinity.
Subjects
Six subjects were employed in this experiment. All had normal or corrected-tonormal visual acuity. Three were female undergraduates, i.e. AM, KL and KM were 20-year-old undergraduate students on the C. W. Post Campus of LIU. The male subjects included LK, 78, and RN, 60 years of age. A 21-year-old undergraduate (JB) served as the third male subject. Both LK and RN had participated in many experiments involving similar stimuli. None of the others had any prior experience. All subjects were screened to assure that they were able to distinguish a difference in distance to two reduction moons solely on the basis of a difference in their absolute binocular disparities when one moon was at a distance of 1 km, and the other at each of several different closer distances.
All subjects were assured that their identities would be held confidential, that they could cease participating at any time, and could rest as often as desired. They were informed about the general nature of the experiment and what they would be asked to do while participating. They were also advised that the complete results would be made available to them upon the conclusion of the experiment. Except for LK and RN, all subjects were paid at the rate of $10.00/hour for their participation.
Apparatus
The apparatus was essentially the same as that described in Kaufman et al. (2006) . All experiments were performed in a 3.1 × 6.1 m laboratory in the Department of Psychology on the C. W. Post Campus of Long Island University. The laboratory walls were painted matte black. As shown in Fig. 1 , a fully silvered mirror, 2.4 × 1.2 m, was mounted vertically on one wall. A 1.8 × 1.2 m partially silvered mirror was attached to a 3.1 × 6.1 m vertical plywood partition parallel to and 2.7 m away from the fully silvered mirror. The right side of the partition was attached the wall to the right of the subject. A black felt curtain was hung between the edge of the plywood partition and the wall to the left of the subject. This blocked any stray light (which, in any case, was very faint) from entering the space between the mirrors. Cardboard baffles were mounted between the subject and all electronics to keep stray light from small power-on indicators from reaching the lenses and partition in front of the subject. The space between the subject and the most distant mirror was totally dark except when the virtual terrain was present (see below).
The subjects looked through a 0.6 × 0.6 m window in the partition in front of the partially silvered mirror and into the fully silvered mirror that faced it. The window was not visible when the reduction moon was present. Subjects sat on seat of adjustable height straight in front of a thin plate of glass, which was at a 45
• angle with respect to their line of sight (see Fig. 1 ). A computer monitor, to the left side of the subject, displayed two moon-like discs measuring either 0.62
The distance between the centers of the discs on the monitor was set by a computer to match the interpupillary distance (IPD) of each subject. Similarly, a pair of 2 diopter lenses was separated by the same distance by placing a spacer of appropriate size between the frames holding the lenses. The distances separating both the lenses and the stimuli on the monitor ranged from 6.0 cm through 6.6 cm, depending upon the subject. Each of the lenses was 5 cm in diameter, and both were placed parallel to and 50 cm away from the computer monitor's screen. Since the luminous discs were at the focus of each lens, their virtual images (seen as reflections in the thin plate of glass) were at optical infinity. When the discs were separated by the IPD, the absolute parallax of the binocularly fused disc was zero deg, i.e. the lines of sight to the two discs were parallel. Subjects were seated so that their eyes were at the same height above the floor (∼117 cm) as were the centers of the two lenses. They fused the discs simply by looking through the combining glass into the distance beyond the partially silvered mirror. The virtual terrain was created by strewing three hundred small white Christmas tree lamps in a 'random' array on the floor, which was covered by black felt, between the two mirrors. To elevate the random pattern so that it was close to but still below the virtual moons, two black milk crates, one atop the other (total height = 75 cm), were placed approximately half-way between the two large mirrors. The string of lamps was draped across the topmost milk crate to produce a 'hilly' terrain whose peaks lay just below the luminous disc stimulus.
The two parallel mirrors gave an impression similar to the repeated reflections one might see when seated between two mirrors on the walls of a barber-shop. The mirror on the partition was partially silvered so the observer could sit outside the 9-foot space and view the multiple reflections of the terrain through the partially silvered mirror in the more distant mirror on the wall. The lights were reflected by the wall mirror back to the partially silvered mirror, and then back again, ad infinitum. The first listed author was able to count at least 17 reflections of the lamp covered peaks (crates) located between the two mirrors. Hence, the visible extent of the virtual terrain was >46 m in length. The density of the lamps increased with distance, and the angular width of the terrain narrowed with distance. This virtual terrain provided all of the normal cues to distance, ranging from accommodation and convergence for nearby lamps, a gradient of binocular disparities, linear and texture perspective, etc.
The positions of the two discs on the monitor's screen were under computer control. Narrowing the separation of the two moons very slightly introduced a small absolute binocular parallax. It should be noted that the amount of depth associated with the relative binocular disparity of a pair of successively presented moons is scaled by the distance cues afforded by the terrain (Kaufman, 1974 ). In the experiments described here the binocular parallaxes corresponded to distances that ranged from about 3 m to about 500 m along the terrain. The reduction moon was always at a distance of ∼1 km.
A pixel 0.20 mm in width placed at the focus (50 cm) of the lens would permit a relative disparity no smaller than 1.38 arc min. To improve this resolution, we took advantage of sub-pixel motion techniques. The relative intensities of adjacent pixels were adjusted using 16 levels of grayscale, to obtain translations of 1/16th pixel size. In principle this enabled us to render translations on the order of 6 arc s, which would make it possible to present a stimulus at a distance as great as ∼1.5 km before moving it to infinity (zero disparity). Basically, to position rm we selected the number of pixels that corresponded to a distance of approximately 1 km. This was because at very large distances an error of 1 subpixel (1/16th of a pixel) could move the moon to a distance beyond infinity. The geometry of stereopsis is not equipped to compute the distance to such a stimulus, although it may yield the perception of stereoscopic depth, even at markedly greater divergent disparities. (With apologies to Georg Kantor, we jokingly referred to this as a 'transfinite' distance.)
Procedure
The subjects were instructed to attend to the first member of a pair of stimuli (referred to as 'moon 1') and, when ready, press the F1 key on the wireless keyboard to display the second stimulus ('moon 2'). One of the two moons was accompanied by the virtual terrain, and the other, the reduction moon, was not. The subjects decided which one of the two stimuli was closer, and registered their decisions by entering 1 for the first moon, or 2 for the second moon. Following this the subjects gave a confidence rating on a 3-point scale (1 = confident, 2 = not sure, 3 = guessing). Entering the confidence rating automatically led to the appearance of the first moon of the next pair, and the subject was instructed to proceed as before. The subjects were able to stop the trial at any time to rest. After resting, subjects could resume merely by refreshing his or her impression of the size of the last moon and then depress the F1 key so that it would be replaced by the second moon of that pair.
The distance to rm, regardless of whether it appeared first or second, remained constant at 1 km, while the distance to tm was variable. It corresponded to one of the 9 different distances (300, 500, 1000, 1500, 2000, 3000, 4000, 10000 and 50000 cm). The diameters of both rm and tm subtended visual angles either of 0.62
• , as described above. The order in which rm and tm were presented was randomized, and all possible pairs had equal probabilities of presentation. All subjects completed 20 trials for each of the 9 distances and each of the 4 different combinations of angular size, i.e. rm = 0.67
• , rm = 0.62
• and tm = 0.62
• , rm = 0.67
• . Since two of these pairs of stimuli were composed of moons of equal angular size, we first analyzed the data separately. When d was plotted against distance, as shown in Fig. 2 , the two graphs associated with moons of equal size were essentially indistinguishable from each other. Not finding any effect of size per se, we combined the data of all pairs of equal size. Thus, when rm = tm, we ended up with twice as many trials as when rm > tm or when rm < tm.
Data analysis
The data were arranged in stimulus-response contingency tables for each subject, as shown in Table 1 (Macmillan and Creelman, 2005) .
Each combination of 9 different distances and 3 pairs of angular sizes was represented by one such table (27 tables for each subject).
Let us consider some possible outcomes. The subject is instructed to indicate which of the two moons is the closer, the first or the second of each pair. If both moons are equal in angular size (rm = tm), then the decision that tm (which could be at any one of 9 relatively nearby finite distances) is closer would constitute a Hit. This could be either moon 1 or moon 2, since order is randomized. Similarly, 
a decision that any rm is closer would constitute a False Alarm. Suppose, however, that rm is not perceived as being extremely far away. That is, assume that subjects tend to perceive a reduction moon as being at some nearby distance. (This need not necessarily correspond to Gogel's 'specific' distance of ∼2 m.) If so, when tm is actually closer than the nominal perceptual distance of rm, it should be perceived as closer than the reduction moon. In that case a decision that rm is more distant would still constitute a hit. However, as the distance to the variable moon increases, the proportion of hits would decline while the false alarm rate would increase. Hence, the value of d must decline until, at some point, d would be zero, indicating that, apart from guessing, the subject could no longer tell whether one moon was at a greater or lesser distance than the other. Now comes the tricky part. Given the foregoing, when the distance along the terrain to tm is increased beyond the nominal perceptual distance of rm, the subject becomes more likely to decide that tm is farther away than rm. In fact, the false alarm rate may increase sufficiently to produce a negative d . Of course we are aware that d can never be negative. This leaves us with two choices. First, we may compute d using criteria for hits and false alarms that are just the opposite of those we started with. This is awkward, as we have no a priori reason to designate a position on the scale of physical distance at which a hit becomes a false alarm, and vice versa. Hence, we are left with the second choice. Namely, we assume that the value of −d is not a negative number. By convention, the minus sign merely indicates that the subject is correct (makes a hit) whenever he or she tends to consistently decide that rm is more distant, and a false alarm when the decision tends to be that tm is more distant. As we shall see, this convention makes it possible to easily visualize how the subject's judgment changes with distance to tm. In one regime tm is perceptually closer than rm, then, after a region of uncertainty, tm enters a regime in which it is perceptually more distant than rm. Now let us consider the instances in which the two moons are of unequal size. Relative angular size is a distance cue. This is very evident in ordinary perspective drawings which employ gradients of angular size to reflect distance. At a simpler level, given only two discs, unequal in angular size but equal in all other respects, it is likely that the larger of the discs would be judged to be closer. Hence, when the angular size of tm is greater than that of rm, the size difference should result in a tendency to decide that tm is closer than rm. If disparity places tm at a relatively close distance and rm is judged to be farther away, enlarging the angular size of tm may enhance this effect, i.e. the probability of asserting that rm is more distant is enhanced. Similarly, if the disparity of tm places it at a great enough distance so that it is judged as farther away than rm, an enlarged size of tm may, by hypothesis, tend to diminish this effect, and even reverse it if the difference in angular size is great enough. Since relative angular size and relative binocular disparity (as well as other distance cues provided by our system) are intrinsically quite different from each other, the nature of their interactions, if any, may be elucidated in this study.
To calculate d we used 'D-Prime Plus' (Macmillan and Creelman, 1997), a DOSbased program freely distributed through the World Wide Web. Lastly, to present our data graphically, we used a commercially available graphics program, Prism 4 (GraphPad Software, 2004).
Results
The three confidence ratings collected during this experiment were employed in the following manner: After pooling the data of all subjects, the Hits and False Alarm rates were plotted in probability coordinates to form zROC curves. For each of the nine distances of the terrain moon, all the data were fit by linear functions having slopes of ∼0.8 to ∼1.2, confirming the assumptions of approximate normality and equal variance for the underlying distributions. Despite some variability, we decided that d is an appropriate estimate of sensitivity.
The overall results are summarized in Fig. 2 , which shows the mean values of d and their standard errors, where the data of each of our six subjects are treated as a replication. The abscissa represents Log Distance simply because most of the data are concentrated at the shorter distances. The trends are clear when rm = tm. When the terrain moon (tm) is at a distance of 3 m from the observer, d is at a maximum. As the distance to tm increases, there is a gradual decline in d to a value near zero when tm is at about 19 m. Beyond this distance, d is assigned an arbitrary negative value to signify that tm is now perceived as more distant than rm. Owing to the easily observed fact that the perceived size of tm tends to become larger as its distance increases, we sought to avoid giving the subjects an opportunity to base relative distance judgments on perceived size differences. So, apart from instructing subjects to disregard size differences in making their judgments, two stimuli of different angular size were employed. This prevented the appearance of any systematic relation between apparent size and distance. Even so, trends similar to that obtained when rm = tm is evident when the angular size of rm differs from that of tm. With tm > rm, Fig. 2 shows that tm was more likely to be judged as closer than rm than when the two moons were equal in angular size. Clearly, a difference in angular size tends to offset the original effect. Where rm > tm we observe an opposite effect, i.e. the distance to tm was more likely to be perceived as greater than when rm = tm. This is supported by the fact that all data points representing rm < tm lie below the corresponding data points representing rm = tm, which in turn lie beneath those representing rm > tm.
A two-way ANOVA revealed that relative size (rm = tm, rm < tm and rm > tm) accounts for 14.50% of the total variance, with F = 21.63 (DFn = 2, DFd = 135), and p < 0.0001. All three curves differ significantly from each other. Similarly, Log Distance accounts for 39.02% of the total variance, with F = 14.56 (DFn = 8, DFd = 135) and p < 0.0001. All effects are extremely significant. Furthermore, interaction accounts for only 1.25% of the total variance, with F = 0.23 (DFn = 16, DFd = 135) and p = 0.9991. These calculations used only values of d and totally ignored the values of Log Distance. Figure 3 provides a clearer picture of these results. The reader will note the presence of a ceiling effect in Fig. 2 for the points where Log Distance equals 4.0 and 4.69. By excluding these data points it was possible to fit linear functions to the remaining seven data points associated with each of the three parameters.
The linear distances of the X-intercepts (where d = 0) for rm = tm, rm > tm and rm < tm are approximately 19.1 m, 9.8 m and 50.1 m, respectively. These are the distances at which the average subject is no longer able to detect a difference in distance between rm and tm. It should be noted that these Log Distance intercepts differ significantly from each other, i.e. F = 18.61 (DFn = 2 and DFd = 122) and p < 0.0001. Furthermore, the slopes of the functions do not differ significantly (F = 1.4917, DFn = 2, DFd = 120 and p = 0.2291). The pooled slope equals −2.91. Consequently, the functions differ only in their elevations. As in the case of the real zenith moon, logically speaking, the distance to rm is necessarily indeterminate because of its infinite optical distance and a lack of terrain cues. As Gogel suggested, the perceptual system appears to place it at some default distance, but not at his proposed specific distance.
The distance to tm is presumably determined by its disparity relative to points on the terrain. To test this assumption we conducted a small control experiment identical to Experiment I, except that the subject was deprived of the cue of binocular disparity, and tm was placed at 6 rather than 9 different distances along the terrain, and only one subject (LK) was employed. The results are shown in Fig. 4 . It is noteworthy that relative distance is affected solely by differences in angular size.
Finally, we observed some individual differences that should be mentioned because they are relevant to how we shall interpret the data in the Discussion section of this paper. As is evident in Fig. 5 , our two most experiences subjects (LK and RN) were barely affected by the differences in angular size presented by rm < tm and by rm > tm. The data points in the graph are the averages of the results obtained from subjects LK and RN. Where the standard errors where d approaches zero are quite large, they are extremely small with larger values of d . Thus, the maximum differences between the two subjects are associated with their maximum uncertainties with regard to which of the two moons is the closer.
It is worthwhile to compare the results shown in Fig. 5 with the results of the monocular experiment depicted in Fig. 4 , where the differences in angular size completely dominate the distance judgments. Now let us turn to Fig. 6 , which contains the results averaged over the four remaining subjects, AM, KL, KM and JB, who were treated as replications. The results are quite different from those shown in Fig. 5 . For one, the standard errors are Figure 4 . Monocular data (left eye only) of subject LK. Without the cue of disparity, subject is unable to distinguish which of the two equal sized stimuli (rm = tm) is closer. The distinctive remaining cue of angular size enabled the subject to decide that the larger of the two stimuli is nearer, and the smaller is farther. This is independent of the actual distance of tm relative to the terrain. extremely wide. The slopes of the linear functions fitted to each of the data sets do not differ significantly. However, the differences among the elevations of the linear functions are extremely significant (F = 14.40, DFn = 2 and DFd = 104, with p < 0.0001). The fits are only moderately good, as evidenced by the coefficients of determination, where r 2 = 0.46, 0.65 and 0.51 for rm = tm, rm > tm and rm < tm, respectively. Even so, the results are consistent with the overall trends displayed Figure 6 . Results averaged over the four least experienced subjects. Although the effect of angular size differences is variable, it is quite large, as evidenced by the significantly different elevations of the linear functions.
by the entire set of data summarized in Figs 2 and 3. As we shall discuss later, the individual differences described here may well reflect different abilities to attend selectively to different cues.
EXPERIMENT II: SIZE EXPERIMENT
As indicated in the introduction, this 'size experiment' is almost identical to the 'distance experiment'. Instead of asking the subject to decide which of the two moons is closer, this time they were asked to ignore distance and decide which is larger. The main purpose was to test the hypothesis that when rm = tm, the distance of tm at which subjects are unable to discriminate differences in size corresponds to the distance of tm where they are unable to discriminate differences in distance. This hypothesis is based on the theory that perceived size is proportional to the product of some function of retinal size with perceptual distance.
Procedure
The subjects of this experiment were presented with precisely the same stimuli as those used in Experiment I, but were given different instructions. Instead of being asked to indicate whether moon 1 or moon 2 was closer, they were asked to decide which appeared to be larger. They were asked to attend only to the differences in size of the two moons, and disregard their relative distances. Otherwise the number and order of stimulus presentations, and the stimuli themselves, were the same as in Experiment I. Two of our original female subjects declined to participate in this experiment. Instead we employed one new male subject (AB), a 22-year-old undergraduate, and four of the original subjects, i.e. AM, LK, RN, and JB.
Results
The data of this size experiment are summarized in Fig. 7 . Where rm = tm the graph strongly resembles the corresponding graph of Fig. 2 . However, it is evident that the differences in angular size associated with rm < tm and rm > tm lead to functions with intercepts quite different from the corresponding graphs of Fig. 2 . Thus, the mere instruction to attend to and discriminate among perceived sizes yields markedly different results than are obtained when subjects are instructed to attend to differences in distance per se. This is reflected more clearly in Fig. 8 , which is composed of the same data, but with the two most distant data points excluded, as was done to create Fig. 3 . As in the case of Fig. 3 , it was possible to fit straight lines to the functions and examine their X-intercepts where d is zero. As is clear in Fig. 7 , where rm < tm, the X-intercept is at a distance of approximately 3 m. Thus, the closest of the tm stimuli was largely indistinguishable in size from the size of the angularly smaller rm. The perceived size of tm became increasingly larger with distance. Where rm > tm the variable moon is perceived as smaller than rm at all distances of tm, although the difference in size, as reflected by the shallow negative slope of the best-fitting linear function, does tend towards an X-intercept where d is zero at a distance far greater than any tested here. This interpretation is reinforced by the smaller values of d for the two most distant stimuli in Fig. 7 ; the two data points were removed to create Fig. 8 .
DISCUSSION
The major conclusion to be drawn from these experiments is that, absent differences in angular size, the perceptual distance of the reduction moon is the equivalent of a physical distance estimated to be approximately 19 m. Moreover, the physical distance of the terrain moon where it appears to be the same size as the reduction moon is virtually the same, namely, 18.8 m. The two values do not differ significantly and both may be considered to be ∼19 m. Figure 9 shows how the functions related to tm = rm in both the size and distance experiments overlap at all points, as well as at their X-intercepts. This suggests that the perceived size of the reduction moon relative to the terrain moon varies in precisely the same manner when the distance to the terrain moon is changed from near to far. Figure 10 shows the best linear fits to the first 7 points of these functions. As before, the reason for using the first 7 points is that the two most distant points clearly reflect a ceiling effect.
It is noteworthy that the slopes of both linear functions in Fig. 10 do not differ significantly. The pooled slope of all points = −3.06, and their elevations are essentially identical.
This evidence strongly supports the hypothesis that perceived size is proportional to perceptual distance. Furthermore, since we have simulated many of the essential features of the naturally occurring moon illusion, we must conclude that the perceived size of the elevated moon is due to the fact that it is located at a lesser perceptual distance than the horizon moon.
We must not presume that this particular 'default' distance of 19 m exists in all possible conditions. For example, in a real world scene the value may well differ because the number and nature of various distance cues may also differ. Hence, we suggest that the distance at which subjects can no longer discriminate a difference in the distance between the reduction moon and the terrain moon will be approximately the same as the distance at which size differences are also not detectable. This is consistent with the fact that two of the subjects of Experiment I did not participate in Experiment II, and a new subject was employed in Experiment II. Yet the X-intercept for distance discrimination was the same as that for size discrimination. This is reinforced by the strong individual differences encountered among the subjects. Therefore, the data presented here clearly support the conjecture that similar functions relating unbiased discrimination of distance differences will closely match those of functions relating unbiased discrimination of size differences, despite situation related variation in the parameters describing these functions.
Is the magnitude of the illusion as measured here at all similar to its magnitude in the real-world situation? Kaufman and Rock (1962) measured the illusion's magnitude by having subjects match the size of the horizon moon to that of the elevated moon in a natural environment by adjusting the size of one moon to match that of the other. Rock and Kaufman (1962) found that the moon illusion is greater when the horizon is at a long distance rather than when the horizon is occluded by relatively nearby trees, and also when the sky is cloudy rather than clear. The magnitude of the illusion also depended on the environment in which it was measured, e.g. from a rooftop in New York City, or across a large open space (the sea or an airfield). A cloudy sky resulted in a greater illusion than a clear sky. However, in most environments the average magnitude of the illusion varied from a ratio of about 1.3 to 1.6. The largest illusion measured was when subjects viewed the horizon moon across a rippled seascape in late afternoon and compared it with a zenith moon. The magnitude was close to 2:1. Therefore, the average value of d when the terrain moon is at its greatest distance in our simulation does not reflect the full potential magnitude of the moon illusion, because cues to the distance of the moon above a virtual terrain, when the moon is nominally 500 m away from the subject, are considerably impoverished. Even so, owing to the fact that d has the mathematical properties of distance or length, the average d of |1.35| suggests that the diameter of the most distant terrain moon is perceived as roughly 1.35 times greater than that of the reduction moon. This is typical of many measures of the magnitude of the actual moon illusion .
We must now confront the problem of the size-distance paradox. Many recent explanations of this puzzling effect are summarized by Ross (2003) , and her account is strongly recommended to the reader. However, in this paper we offer an explanation only partially similar to those offered by our many predecessors.
We suggested at the outset that this phenomenon reflects a bias on the part of the subject to attribute a larger appearance to a closer distance. Hence, we adopted an ostensibly bias-free measure (d ) to minimize any such effect. Kaufman and Rock (1962) had already demonstrated that a difference in perceived size will prompt subjects to make distance judgments that are at odds with the notion that perceived size is proportional to perceived distance. Subjects were shown two virtual moons, one above the real horizon, and the other elevated in the sky. When asked, many decided that the horizon moon was closer than the elevated moon. However, many of these subjects spontaneously said, "It was closer because it is larger." This prompted a formal experiment in which ten subjects were shown two moons of different size. When the larger of the two was presented at the horizon, 9 of the 10 subjects said was the closer of the two moons. Conversely, when the larger appearing moon was elevated in the empty sky, these same subjects claimed that the elevated moon was closer than the horizon moon. This experiment was basically flawed. The difference in angular size that we employed actually introduced a cue to distance, i.e. all other things being equal; the larger of two objects tends to be perceived as closer. In fact, this is precisely what we observed in Experiment I. Since the values of d when rm < tm and when rm > tm differ significantly in predicted directions from those obtained when rm = tm, even a bias-free measure reveals that angular size is a relative distance cue. However, as shown in Figs 5 and 6, our two most experienced subjects were almost entirely able to ignore the effect of the angular size cue while the inexperienced subjects were strongly affected by it. When this cue is eliminated (rm = tm), all subjects tended to behave in a similar manner in that their performance was dominated by the distance cues associated with the terrain.
As intimated above, a difference in angular size is not relevant to the size-distance paradox. We must be mindful of the fact that the paradox arises only when there is an illusory difference in size. For example, the horizon and elevated moons have the same angular size. However, the horizon moon looks larger than the zenith moon. Furthermore, the evidence presented here supports the theory that it looks larger because the perceptual system places it at a greater distance, and is consistent with the notion that the magnitude of the illusion depends upon the magnitude of that distance, thus confirming the results obtained by Kaufman and Rock. An astronaut who views the moon above the horizon from low-earth orbit lacks terrain cues to distance. We now know that in this situation the illusion vanishes (Lu et al., 2006) . Kaufman (1974) criticized theories that explained perceptions in terms of other perceptions. For example, Rock and Ebenholtz (1962) found that apparent motion occurs when a luminous point is flashed at a specific retinal place, and then, after the eye moves, flashed again at the same place on the retina. They suggested that the apparent motion occurred because the light was seen at different places at different times. Although this was a very important experiment, explaining perceived motion in terms of perceiving differences in position is a tautology. Explaining the moon illusion in terms of differences in perceived distance is also an explanation of one perception in terms of another. Suppose that an object is perceived as larger because it is perceived as farther. Also, suppose that a difference in perceived size is a cue to relative distance. This implies that the large-appearing object should be perceived as closer. This is the size-distance paradox. We suggest that it arises from what Gilbert Ryle (1949) referred to as a category mistake.
Perceptions do not cause perceptions. Perceptions are outcomes of computational processes far more numerous and complicated than the perceptions themselves. In point of fact, we are not at all conscious of the vast majority of events that underlie all of mental life. Hence, our approach to the moon illusion: The perceptual system computes size based on various kinds of information, alluded to as cues to distance, and retinal size. These terms refer to a complex array of inputs. Evidence suggests that this processing is partly serial in nature, with, for example, perceptual distance computed prior to perceived size. Teasing out the various unobservable processes that are involved in such computations is the business of psychophysics and of neurophysiology. Perceptions are outcomes of unobservable processes. Theories of perception may be explicitly computational in nature, or they may employ models of these processes. But one should not confuse perceptions and uncritical observations with unobservables, although at some level there is a correlation between perceptions and subsets of the processes entailed in their creation.
So, the category mistake is that of using the concept of perceived distance, rather than a process or processes unavailable to direct observation, as an explanatory device. Once we abandon the practice of attempting to explain perceptions in terms of other perceptions, we may then seek to discover functional relationships between indices of these unobservable processes and perceptions in devising theories to explain them.
